INTRODUCTION
A successful human-system interaction depends on the human's ability to communicate with the system -to direct it to perform an action, to request a piece of information, and so on. Such communication occurs through use of an input device such as a keyboard, button, knob, mouse, touch screen, or voice activation. The present research focused on variables that could influence input device use. For example, does the optimality of an input device depend on the task being performed? Is performance with a given input device influenced by the age of the user?
Recognition that one input device might be better relative to another device for a particular task is certainly not new. In fact, new input devices often are developed in an attempt to compensate for the limitations of existing devices. However, a systematic analysis of the interactions among task demands, user capabilities, and input device characteristics is lacking.
Input devices may be categorized as direct devices and indirect devices. A direct input device is one for which no translation is required between the activity performed by the person and the action of the device; examples include a touch screen, a light pen, or voice activation. Indirect devices, however, require a translation between the activity of the person and the action of the device. For example, a mouse moves in one dimension on the desktop and the cursor on the screen moves in a different dimension; moreover, depending on the settings of the mouse, a 1-inch movement of the mouse might result in a 3-inch movement of the cursor. Other examples of indirect devices include trackballs, joysticks, and rotary encoders.
The input device categories of direct and indirect have advantages and disadvantages, as summarized in Table 1 . Generally, direct devices are best for discrete, pointing, and ballistic types of tasks. Indirect devices yield better performance for precision tasks or repetitive tasks. However, these generalizations are based on studies in which devices were compared for tasks in isolation (for reviews, see Greenstein, 1997; Greenstein & Arnaut, 1987) . Whether these studies Input devices enable users to interact with systems. In two experiments, we assessed whether and how task demands and user age influenced task performance for a direct input device (touch screen) and an indirect input device (rotary encoder). In Experiment 1, 40 younger (18-28 years) and 40 middle-aged to older adults (51-65 years) performed tasks using controls such as sliders, up/down buttons, list boxes, and text boxes while using a system. The optimal input device to facilitate performance was dependent on the task being performed and the age of the user. In Experiment 2, touch screen use was assessed for 20 younger (19-23 years) and 20 older adults (51-70 years). Task demands were manipulated through button size, movement distance, direction, and type of movement. Performance was moderated by the age of the user and by task demands. Actual or potential applications of this research include guidance for the optimal selection of input devices for different user populations and task characteristics. predict input device superiority and apply to the variety of tasks that must be performed in a complex system are empirical questions.
An additional research question is whether the pattern of advantages and disadvantages for input device categories will generalize across user groups differing in age. As people age, motor behaviors change such that older adults, compared with younger adults, take longer to make similar movements, and their ability to maintain continuous movement declines, coordination is disrupted, and movements are more variable (for a review, see Vercruyssen, 1997) . In addition, older adults have more "noise" in their movement control system (Walker, Philbin, & Fisk, 1997) , less effective perceptual feedback (Walker et al.) , reduced working memory capacity (Zacks, Hasher, & Li, 2000) , and declines in spatial ability (Salthouse, 1992) . All of these characteristics associated with older age could conceivably influence use of input devices.
Some studies have directly examined older adults' use of input devices. When using a mouse, older adults tend to make more errors and are slower than younger adults (Charness, Kelley, Bosman, & Mottram, 2001; Smith, Sharit, & Czaja, 1999; Walker et al., 1997) , even if they are experienced mouse users (Walker, Millians, & Worden, 1996) . However, few researchers have compared older adults' performance across different input devices. One notable exception is a recent study by Charness, Holley, Feddon, and Jastrzembski (2004) in which performance using a mouse and a light pen was compared across young, middle-aged, and older adult age groups. They found that using a light pen reduced agerelated differences for a menu target acquisition task. They suggested that direct devices might be generally better for older adults because they reduce the need for a translation from the activity of the user to the action of the device. However, additional assessments for a range of tasks are required to determine if the benefits of a direct device are general or specific to certain tasks.
OVERVIEW OF EXPERIMENTS
The purpose of the present research was to assess, comparatively, input device use for younger and older adults. The first experiment contrasted a direct device (a touch screen) and an indirect device (a rotary encoder). Performance for the two devices was assessed within the context of using a system; comparisons were made for a variety of tasks -some predicted to be performed better with the direct device, and others predicted to be performed better with the indirect device. We compared the performance Greenstein (1997) , and Greenstein and Arnaut (1987) .
of younger adults and adults over age 50 across tasks to determine if the age of the user interacted with use of each input device. The second experiment focused solely on touch screen usage. Given the increased prevalence of touch screen interfaces and the potential performance issues found in Experiment 1, we conducted the second study to provide more detailed performance characteristics. We systematically manipulated the size of the target area, the distance of the movement required, the direction of the movement, and the type of movement (tapping or sliding). These comparisons enabled us to assess in more depth the task parameters that influence touch screen performance for younger and older adults.
EXPERIMENT 1: INPUT DEVICE USE IN CONTEXT
This experiment assessed performance differences for a direct versus an indirect input device as a function of the characteristics of the task being performed (i.e., the type of control) and the age of the participant. Rather than assess performance for the different task types in isolation, we assessed performance in the context of interacting with a system. Younger and older adults completed activities on the Entertainment System Simulator using either a direct touch screen device or an indirect rotary encoder device. Performance was assessed on tasks that would be expected either to be better for the direct device (i.e., ballistic, pointing, and discrete tasks) or to be performed better using the indirect device (i.e., precision and repetitive tasks).
EXPERIMENT 1: METHOD Participants
Forty younger adults (18-28 years) and 40 middle-aged to older adults (51-65; hereafter referred to as older) participated in this experiment. The age range of the older group was chosen to be representative of the "older worker." Younger adults received course credit, and older adults were compensated $10/hr for their participation. Screening requirements were as follows: (a) corrected visual acuity of at least 20/40 (far and near vision); (b) hearing ability sufficient to respond to task-relevant sounds presented via a Visual Basic program; and (c) trimmed fingernails that would not interfere with the touch screen (participants were told prior to coming in to ensure that their fingernails were trimmed).
Upon their arrival, participants were assigned to either the touch screen or the rotary encoder condition. Standard ability tests were administered to evaluate whether the participant groups differed; these data are presented in Table 2 , along with the demographic and health data for each group. The only significant difference for the young adults was that simple reaction time (RT) was faster for the rotary encoder group; there were no group differences for the older adults. We tested handedness to ensure that the assignment of left-handed participants was balanced across device conditions. Participants were instructed to use their preferred hand. Overall age differences (p < .05) were as follows: Older adults performed better on the vocabulary test and had more years of education; younger adults performed better on Digit Symbol Substitution, Reverse Digit Span, simple RT, and choice RT. These differences are consistent with those typically reported in the literature (e.g., Rogers, Hertzog, & Fisk, 2000) . There were no age differences in self-reported health.
Materials
Input devices. The touch screen was a DataLux LMV10 capacitive touch screen, which required a bare finger to be in contact with the screen. The unit was approximately 11.5 inches across and 8 inches high (29.2 × 20.3 cm). The active, touch-sensitive screen was approximately 10.4 inches (26.4 cm) in diagonal. The monitor was securely attached to the desk, so it did not move when touched. The rotary encoder consisted of a black plastic outer casing about 3.25 × 1.5 × 1 inches (8.2 × 3.8 × 2.5 cm). A push button and rotary knob were located on the top face of the box. Participants held the device in one hand and controlled the knob with the other.
Entertainment System Simulator. The interface used in this experiment was a simulation of an entertainment system created using Microsoft Visual Basic 6.0 (see Figure 1 for screen examples). The simulator was sized to fit on the touch screen display, which was 640 pixels wide by 480 pixels tall. All text was sized to be 14 points a Range: 1 = less than high school, 2 = high school, 3 = some college, 4 = bachelor's degree. b Self-rating: 1 = poor, 2 = fair, 3 = good, 4 = very good, 5 = excellent. c Perceptual speed (Wechsler, 1997) . d Memory span (Wechsler, 1997) . e Verbal ability (Shipley, 1940) . f Simple RT: time to press one key, in ms (locally developed). g Choice RT: time to select respond to one of two keys, in ms (locally developed). h Edinburgh handedness inventory (Oldfield, 1971) or larger (equivalent to approximately 4.9 mm). The three primary functions of the Entertainment System Simulator were a compact disc player, an AM/FM radio, and a weather information station. In addition, the system had three subscreens that governed advanced audio controls (e.g., setting treble level), user settings (e.g., date and time), and a message center. The simulator was designed to include a variety of controls that are typically found in human-computer interfaces. (Additional details of the program are available in Rogers et al., 2002.) Display configuration. The participant workstation consisted of two monitors. A 17-inch (43.2-cm) video graphics array (VGA) monitor was used to display the steps of the activities to be performed on the simulator. This monitor was centered in the workstation at eye level, approximately 18 inches (45.7 cm) from the participant. The touch screen was used to display the simulator. It was centered below the other monitor, approximately 16 inches (40.6 cm) from the participant.
Simulator activities. The participants in the touch screen and rotary encoder conditions performed the same activities with the simulator. Each activity required traversing a maximum depth of two screens. For example, setting the treble on the radio required selecting the main radio screen and then selecting the advanced settings screen. Each activity required five to seven steps, and participants were instructed to follow the step-by-step instructions that were presented via a PowerPoint presentation on the monitor above the simulator screen. The instructions were presented in this manner to minimize the participants' memory load. Participants were asked to select a red stop sign at the upper left corner of the screen to indicate when they had completed an activity. The experimenter then advanced the slide show to the next task.
Simulator controls. To assess performance for different task characteristics, we selected different system controls to compare across the input devices. Controls used included sliders, up/down buttons, text boxes, list boxes, and drop-down list boxes (see Table 3 ). Controls were selected that would be expected to favor either the direct touch screen device or the indirect rotary encoder device. Thus we compared the following tasks: (a) ballistic task -moving a slider a long distance (more than 40 mm); (b) discrete task -selecting an up/down button a few times (fewer than 20); (c) pointing tasksselecting an item from a list box or drop-down list box (in which scrolling was not required; the ballistic, discrete, and pointing tasks were all predicted to yield better performance when using a touch screen); (d) precision tasksmoving a slider a short distance (less than 20 mm), scrolling within text box and list boxes, and scrolling to select from a drop-down list box; and (e) repetitive task -selecting an up/ down button multiple times (more than 80). The precision and repetitive tasks were predicted to be performed better with the rotary encoder. The tasks and predictions are presented in Table 4 .
Navigation. Navigation with the rotary encoder involved two actions: (a) turning the rotary encoder, which moved an orange "highlight" (a box) clockwise around the various active controls (see Rogers et al., 2002 , for the selection order); and (b) pressing the selector button to engage in transactions with the highlighted object, which turned the selector box yellow. When the selector box was yellow and the selector button pressed, movement of the rotary encoder knob constrained item selection to within that control. Pushing the button on the rotary encoder again turned the selector box orange, and navigation proceeded as usual. In the touch screen condition, in which participants selected the control directly, the orange selector box appeared around the control that was selected as feedback that the screen registered the touch.
Data collection. Whenever an event took place (e.g., tap on screen or rotation of encoder) an event log recorded participant number, experimental information such as condition and age group, name of item selected, amount of time that item was selected, the amount of time elapsed between the previous selection and the current selection, and a timestamp of the milliseconds elapsed since the task began. The program collected three aspects of completion time: (a) the amount of time between uses of a control (movement time); (b) the amount of time an actual control was active -that is, how long a finger was on a control in the touch screen condition or how long a button was held down in the encoder condition (button time); and (c) total time (i.e., the sum of all individual button times and movement times for a given task).
Procedure
Participants first completed the vision and hearing screening tests and then the simple and choice RT tasks. They then completed the handedness questionnaire, the input device experience questionnaire, and the ability tests.
Participants were then given three practice activities on the Entertainment System Simulator, during which they were instructed how to perform on different controls. Experimenters read the instructions and allowed participants to ask questions. The practice activities were comparable to those performed in the experiment and provided exposure to each of the different controls. There were 60 activities; they were first randomly ordered, then grouped into 10 groups of 6. The presentation order of the activity groups was counterbalanced across participants using a partial Latin square. There was a short break after each activity, and participants were encouraged to rest for 5 min after every 20 activities. The study lasted approximately 2 hr for younger adults and 3 hr for older adults.
Design
Age was a between-participants grouping variable, and input device was a between-participants variable. The control task type was manipulated within participants. The primary dependent variable was time spent using a control.
EXPERIMENT 1: RESULTS

Data Analysis
Errors in the tasks were minimal, so the focus of the analyses was on the movement time data (i.e., time spent using a control). To assess the predictions in Table 4 , we conducted Age (younger, older) × Input Device (touch screen, rotary encoder) analyses of variance (ANOVAs) for the different controls. We also conducted a planned comparison of the two devices for each group. The analyses are organized according to whether the touch screen or the rotary encoder was expected to yield superior performance. Table 4 presents a summary of the main findings with the p values for the planned comparisons. Table 5 presents the means and standard deviations for each task control by input device and age group.
Touch Screen Hypothesized Superior
Long slider. The long slider tasks required a ballistic type of movement for which the direct touch screen device was presumed to be better suited. Young adults were faster than older adults, F(1, 76) = 32.75, p < .001, η p 2 = .30, but neither the main effect of input device (p = .15) nor the interaction was significant (p = .23). However, the planned comparison for the younger adults did reveal a faster response for the touch screen relative to the rotary encoder. Older adults' performance did not differ across devices.
List box without scrolling. Selecting an item from a list box was a relatively simple pointing task, presumably suited to the characteristics of a touch screen. The younger participants were faster than the older participants, F(1, 76) = 19.77, p < .001, η p 2 = .21. Neither the main effect of device (p = .46) nor the age by device interaction was significant (p = .76), nor were there differences for the planned comparisons. Hence for both age groups, an item from a list box could be selected equally quickly with the direct or the indirect device.
Drop-down list box without scrolling. When operating a drop-down box that did not require scrolling, younger participants were faster than older participants, F(1, 76) = 16.47, p < .001, η p 2 = .18. There was an effect of device, F(1, 76) = 41.33, p < .001, η p 2 = .35, in which performance with the touch screen was faster than with the encoder; this effect did not interact with age (p = .12). The planned comparisons revealed a significant benefit of the touch screen for both age groups; hence the task of selecting an option from a drop-down box was performed more quickly with the direct device.
Short up/down button. Moving an up/down button a short distance was a discrete task that might also be well suited to a touch screen. Younger adults performed better than did older adults overall, F(1, 76) = 23.65, p < .001, η p 2 = .24. Although there was no significant difference between devices (p = .82), there was a significant interaction between age and input device, F(1, 76) = 4.81, p < .03, η p 2 = .06; younger adults were faster with the touch screen, but older adults were faster with the rotary encoder.
The planned comparison revealed that the device difference favoring the touch screen was significant for the younger adults; for the older adults, the device difference was in the opposite direction, favoring the rotary encoder, but the difference was not statistically significant, perhaps because of the high variability in the touch screen condition.
Summary. For the four tasks predicted to yield better performance for the touch screen, the pattern was generally as expected for the young adults: Three of the tasks followed the prediction, and for one task there was no device difference. However, for the older adults, only one of the pointing tasks yielded performance in the expected direction; for the other pointing task and for the ballistic task the device difference was not significant, and for the discrete task the pattern was in the opposite direction, albeit not significantly.
Rotary Encoder Hypothesized Superior
Short slider. The short slider was a precision task; hence the rotary encoder would be expected to yield faster performance. An Age × Device ANOVA revealed that younger adults were faster than older adults, F(1, 76) = 24.05, p < .001, η p 2 = .24, but there was not an effect of device (p = .25), nor was there a significant interaction (p = .12). Neither of the planned comparisons yielded a significant difference. Note. Control tasks at the top of the table were predicted to be faster with the touch screen whereas those in the bottom of the table were predicted to be faster with the rotary encoder.
Thus for both age groups performance was comparable for the two devices.
Text box with scrolling. The requirement to scroll when selecting from a text box is also a precision task. Again, the younger participants were faster than the older participants, F(1, 75) = 39.71, p < .001, η p 2 = .34. However, the main effect of device (p = .31), the age by device interaction (p = .97), and the planned comparisons were all nonsignificant. Thus younger and older adults could scroll within a text box equally well with either device.
List box with scrolling. A similar pattern was observed for scrolling within a list box. The younger participants were faster than the older participants, F(1, 76) = 23.05, p < .001, η p 2 = .23. However, the main effect of device (p = .60), the age by device interaction (p = .66), and the planned comparisons were all nonsignificant, indicating that scrolling within a list box did not differ across devices.
Drop-down list box with scrolling. When operating a drop-down box that required scrolling, younger participants were faster than older participants, F(1, 76) = 22.18, p < .001, η p 2 = .23. Contrary to prediction, the rotary encoder tended to be slower to use than the touch screen, F(1, 76) = 3.75, p = .056, η p 2 = .05. Although there was no interaction of age group by device (p = .67), the planned comparison showed a significant benefit for the touch screen for the younger adults but no device difference for the older adults.
Long up/down button. The task of moving an up/down button a long distance was the type of repetitive movement that might be well suited to the rotary encoder input device. Younger adults were significantly faster overall, F(1, 75) = 18.34, p < .001, η p 2 = .20, and those in rotary encoder condition were faster overall than the touch screen condition, F(1, 75) = 75.76, p < .001, η p 2 = .50. The interaction between age and input device also reached significance, F(1, 75) = 8.50, p < .005, η p 2 = .10. The benefit of the rotary encoder was larger for the older adults but was significant for young adults as well.
Summary. For the five tasks expected to yield better performance for the indirect rotary encoder device, the pattern was mixed. For the younger adults, there were no device differences for three of the tasks, the touch screen was better for one of the precision tasks, and the rotary encoder was better for the repetitive task. For the older adults, only the repetitive task yielded a device difference, and it was in the expected direction; however, for the other tasks, performance for the touch screen was as good as with the rotary encoder, contrary to what would be predicted from the general literature.
EXPERIMENT 1: DISCUSSION
These data illustrate that one cannot simply conclude that a particular input device is always better than another. It is critical to consider the task requirements and user age to determine the optimal input device. For the younger adults, when differences existed between the input devices, those differences generally corresponded to predictions based on task demands. For ballistic movements such as moving a slider a long distance, pointing tasks such as selecting an item from a drop-down list, or discrete tasks such as manipulating up/down buttons a short distance, the touch screen was significantly faster to use than the rotary encoder. For a repetitive task such as selecting an up/down button many consecutive times, the rotary encoder was superior. For the remaining tasks there were no significant performance differences for the two input devices. Thus for younger adults, the optimal input device can be largely determined by the nature of the task demands.
For older adults, the pattern was not quite as clear. For selection from a drop-down list box, the touch screen yielded better performance, as predicted. However, for the up/down buttons, regardless of the number of selections, older adults performed better with the rotary encoder, although the difference was significant only for the long up/down buttons (see Tables 4 and  5 ). For many of the task categories, there were no significant differences between the two input devices; however, this finding may be qualified by the high variability observed for the touch screen condition. For more than half of the tasks, the standard deviations were substantially higher in the touch screen condition than in the rotary encoder condition, even in cases where the means did not differ. These data indicate that for older adults, there are likely to be more individual differences in the degree to which a touch screen can be used quickly and accurately and there is likely to be less variability for the rotary encoder. It should also be noted that the older adults in this study had a mean age of 58.45 years, and the age-related differences in input device use may be exacerbated for older adults.
Selecting an Input Device
The selection of the optimal input device for a particular system can be informed by an analysis of the controls that are prevalently used in the interface. For example, if the system requires repetitive tasks such as using up/down buttons to move through a long list, then the optimal choice would be a rotary encoder for both age groups. If the system contains pointing tasks within drop-down list boxes, the touch screen would be preferable for younger and older adults. This result is similar to the Charness et al. (2004) finding that a light pen (a direct device) was better than an indirect device (a mouse) for younger but especially for older adults performing a menu target acquisition task, which is basically a pointing task. Beyond these specific examples, the decision is less clear. For other controls, the touch screen was better or at least not worse than the encoder was. However, for the older adults, the touch screen also tended to be more variable, which may not be preferable for a system that will be used by a wide range of individuals. Thus the absence of a device difference might lead a designer to select an indirect device for systems that will be used by older people.
Selecting Task Controls
During the design process, decisions may dictate that a particular input device must be used (e.g., because of cost considerations or system configuration requirements). The results of the present experiment provide the following guidance for such a situation. First, if a rotary encoder is to be used, then the selection of the specific controls to be used for the interface is less constrained. Younger and older participants were able to use the encoder, and this input device seemed compatible with slider controls, up/down buttons, and various scrolling tasks. Based on the present data, the only control to be avoided (or at least used infrequently) if a rotary encoder is used would be a drop-down list box.
If a touch screen must be used, the selection of controls should be more specific. For example, use of text boxes and list boxes would be appropriate, regardless of scrolling needs. However, up/down buttons may be generally difficult to use, especially for older adults. Moreover, because of larger individual performance differences associated with the touch screen, there are likely to be more individuals (especially older adults) who will have difficulties using a touch screen as an input device.
EXPERIMENT 2: TOUCH SCREEN ASSESSMENT
Experiment 1 indicated that performance using a touch screen tended to be more variable relative to performance using a rotary encoder, especially for older adults. There was also evidence in Experiment 1 that for certain controls touch screens yielded faster response times as compared with the rotary encoder, although this tended to be more evident for younger adults. The purpose of the second experiment was to explore further the variables that influence performance with a touch screen for younger and older adults.
Given the prevalence of touch screen interfaces (Fritz, 2000) and the fact that in some instances input device selection is constrained to a touch screen type of input device, it is important to determine the optimal button size, button placement, movement distance, and direction of movement for these devices. To provide guidance, we manipulated the following variables: size of buttons, direction of the movement, distance of the movement, type of movement, and precision of movement. We tested younger and older adults to determine if the task parameters influenced the performance of both age groups in a similar manner. The present study examined Fitts' law (Fitts, 1954) within a new set of task parameters.
EXPERIMENT 2: METHOD Participants
Twenty younger adults (19-23 years) participated and received course credit. Twenty older adults (51-70 years) were recruited from the community and received $10/hr for their participation. Participant screening and testing was the same as in Experiment 1; details are presented in Table 6 . The age-related ability differences are consistent with Experiment 1 and the general literature (e.g., Rogers et al., 2000) . With respect to touch screen experience, usage rates were low for both age groups, ranging between one and three times in the last 3 months.
Materials
Input device and tasks. The touch screen and configuration were the same as used in Experiment 1. Participants were tested on four distinct tasks on the touch screen: (a) unstacked buttons, (b) stacked buttons, (c) horizontal scroll bars, and (d) vertical scroll bars.
The unstacked button task consisted of a start button below nine white buttons (three rows of three) of the same size (see Figure 2) . The layout of the button matrix remained fixed throughout the experiment. When contact with the start button was made, one of the nine buttons above it changed from white to black after a random delay ranging from 250 to 750 ms. The participant then released the start button and touched the black button as quickly as possible. Participants were given audio feedback when they successfully touched the highlighted button. There were 45 trials per block (each button was a target five times); participants completed five blocks with an enforced 1-min break between blocks. The size of the buttons varied between blocks of trials (11, 13, 16, 18, and 21 mm) . The order of button size presentation was counterbalanced across participants. Movement distance was determined as a function of the distance from the start button to the nearest corner of a given button and did not vary with button size.
The stacked button task was nearly identical, except that there was no space between the buttons in each column to simulate stacked buttons (see Figure 2 ). There were disabled buttons at the top and bottom of each column, and these were never targets. There were 45 trials per block (each button was a target five times) and five blocks. The size of the buttons varied between blocks (11, 13, 16, 18, 21 mm), but the distance from the start button to the nearest corner of any particular button was constant between blocks. The order of button size presentation was counterbalanced across participants.
For the horizontal and vertical scroll bar tasks there were three scroll bars on the screen (see Figure 2) . The participant pressed a button to activate the trial, and a black rectangle appeared (on the right of the horizontal scroll bars and on the bottom of the vertical scroll bars). Participants dragged the position indicator as quickly as possible past the black rectangle (left to right for the horizontal condition, and down to up for the vertical one), at which point that scroll bar would become inactive and another one active. Participants were given audio feedback when they scrolled to the end of the scroll bar. There were five blocks of 15 trials, with each scroll bar being activated five times per a Self-rating: 1 = poor, 2 = fair, 3 = good, 4 = very good, 5 = excellent. b Perceptual speed (Wechsler, 1997) . c Memory span (Wechsler, 1997) . d Verbal ability (Shipley, 1940 ). e Edinburgh handedness inventory (Oldfield, 1971 ): 1 = right, 2 = left. f Scaled from 1 to 8: 1 = never, 8 = daily, most of the day.
*p < .05.
block. Each trial consisted of three scroll bars with lengths of 68, 102, or 136 mm. Scroll bar width was 11, 13, 16, 18, or 21 mm and varied between blocks.
Procedure
Participants provided informed consent and completed demographics and health forms as well as ability, vision, and handedness tests. They were then seated at a touch screen station and instructed to adjust the tilt of the screen to their preference. They were told to use the index finger of their dominant hand and not to rest that arm on anything while performing the tasks. All participants completed tasks in the same order: unstacked, stacked, horizontal scroll bar, vertical scroll bar. There were enforced 5-min breaks between tasks. After completing the tasks, participants completed a touch screen experience questionnaire and were debriefed.
Design
Age was a between-participants grouping variable. All other variables were manipulated within participant as repeated measures. The primary dependent variable was movement time.
EXPERIMENT 2: RESULTS
Errors in the tasks were minimal and are captured in the movement time data as a slower response. The focus of the analyses was on movement time, defined as the time it took the participant to touch a target button after releasing the start hold button for the button tasks and the time required to slide the bar past the target point for the scroll bar tasks.
Unstacked Versus Stacked Buttons
Overall analysis. A combined ANOVA was conducted to compare directly the unstacked Figure 2 . Examples of the button and scroll bar tasks used in Experiment 2. The top displays depict the unstacked (left) and the stacked (right) button tasks. The bottom displays depict the horizontal (left) and vertical (right) scroll bar tasks. Note that the sizes of the buttons and the width and length of the scroll bars were manipulated, as described in the text.
versus the stacked buttons as a function of the other variables. The design of the analysis was Age (younger, older) × Button Type (unstacked, stacked) × Size (11, 13, 16, 18, or 21 mm) × location (left top, left middle, left bottom, center top, center middle, center bottom, right top, right middle, right bottom).
The overall main effect of button type was significant in that participants were faster to respond to the stacked buttons, relative to the unstacked buttons, F(1, 38) = 21.22, p < .001, η p 2 = .36. Button type did not interact with any other variable (size, location, or age). Based on previous movement control findings (e.g., Walker, Meyer, & Smelcer, 1993; Walker et al., 1997) , the stacked button superiority is not unexpected, given differences in movement phases. The initial ballistic submovement would be similar between the two conditions. The difference would occur in the intermediate submovements.
Less intermediate submovement verification time would be required in the stacked condition because intermediate aiming need be less "precise" because of the overall figure/ground pattern created by the stacked condition. Hence these data are consistent with the overall mouse movement model put forward by Walker et al. (1993) . Although this aspect of the data is consistent with expectations, an overall practice effect cannot be completely ruled out (given that the unstacked condition was presented first). However, an interaction with age would be expected if it were simply a practice effect, because older adults typically improve more (e.g., Charness et al., 2004) .
Not surprisingly, younger adults' movement time was faster than older adults', as indexed by the main effect of age, F(1, 38) = 26.88, p < .001, η p 2 = .41. Movement time was also slower for the smaller buttons, F(4, 152) = 29.24, p < .001, η p 2 = .44, and this effect interacted with age, F(4, 152) = 3.86, p < .005, η p 2 = .09. As is evident from Table 7 , decreasing button sizes slowed older adults more than it did younger adults.
There was a significant main effect of button location, F(4, 152) = 29.24, p < .001, η p 2 = .44, and this effect did not interact with button size (p = .61), age (p = .28), or Button Size × Age (p = .80). An interesting pattern emerged when we investigated movement time as a function of the location of the buttons. Table 8 represents the mean movement times as a function of the location of the button. The italicized numbers highlight the faster times. For both younger and older adults, movement to the buttons in the center column was fastest. This pattern suggests that location is an additional parameter (along with size and distance) to be considered in the placement of buttons for an interface using a touch screen input device. Statistical comparisons (two-tailed t tests, p < .05) indicated the following for younger adults: Movement times were faster to the center top button than to buttons that required shorter movements, such as the left middle, right middle, and right bottom buttons; there was also no difference between moving to the center top and left bottom buttons. For the older adults, movement times were faster to the center top button than to the left middle (p = .07) and right middle buttons. There was no difference between moving to the center top button and moving to either the left bottom or the right bottom buttons, both of which were closer. These results are not consistent with the prediction that would be made by Fitts' law (1954) alone, because the top button is farther away than the lower and middle buttons; however, such inconsistencies are not unexpected (e.g., see Welford, 1976 , for a review). The standard deviation data are also presented in Table 8 . The older adults were more variable for all of the button locations.
Index of difficulty. Fitts' law states that the speed of a movement is related to the distance of the movement and the size of the target (Fitts, 1954) . Fitts' law is instantiated as the following equation: movement time = a + b log 2 (2D/W), in which D = distance, W = width, and a and b are task constants. The index of difficulty is log 2 (2D/W). Figure 3 represents the slope of the line relating movement time to task difficulty for younger and older adults for the stacked and unstacked buttons. For both younger and older adults, the slowing of movements as a function of the task difficulty increased for the stacked condition, for which more precision of movement was required relative to the unstacked button condition (i.e., the slopes were higher for the stacked condition). This difference probably reflects time for movement planning. Variability was higher for the unstacked condition, as evidenced by the dispersion of the data points. These movements can be more ballistic in nature, requiring less planning (the additional planning for the stacked condition reduces the variance) but also increasing the slope as task difficulty increases. Note also the higher variability for the older adults: The dispersion of individuals within the older adult group increased as a function of the index of difficulty for the task. Thus as movements required more distance, or the size of the target became smaller, older adults became more variable in their movement times.
Scroll Bar Tasks
For the scroll bar tasks, a combined ANOVA was conducted to compare directly the horizontal and vertical tasks. The design of the analysis was Age (younger, older) × Orientation (horizontal, vertical) × Size (11, 13, 16, 18, or 21 mm) × Length (68, 102, or 136 mm) . The only significant main effect was for length, F(2, 76) = 79.47, p < .001, η p 2 = .68, because the movement times were faster for the shorter scroll bar lengths. However, the effect was not strictly linear but was significantly quadratic as well (p < .01). Moreover, the pattern of performance differed for the horizontal and vertical scroll bars, with a significant orientation by length interaction, F(2, 76) = 27.75, p < .001, η p 2 = .42. Table 9 provides these data separately for the two age groups, but it is clear that the patterns were very similar for the younger and older adults. For both age groups, the movement times for the horizontal tasks were virtually the same for the 68 and 102 mm lengths and substantially slower for the 136 mm length. Also for both age groups, for the vertical tasks there was a more linear increase in movement time from the 68 to the 102 to the 136 mm lengths.
As an additional follow-up to the orientation by length interaction, we analyzed each scroll bar length separately. The orientation effect was significant for all three lengths (all ps <.01), but the direction of the effect was not consistent, hence the interaction. Moving a scroll bar in a horizontal direction was faster than in a vertical direction for the shorter lengths (68 and 102 mm), but for the 136-mm task, movement in a vertical direction was faster than in a horizontal direction.
Note that there was not an overall main effect of age (p = .12), nor did age interact with any of the other effects (all ps > .23). Table 9 shows that the younger adults did tend to be faster, but the age-related differences were relatively small in most cases (less than 50 ms). Where the difference was largest for the longest horizontal scroll bar, performance was also quite variable. Thus age-related differences in these tasks are generally quite small, but it is important to note that the standard deviations were generally higher for older adults, as observed in Experiment 1 for the touch screen condition. There were also no differences in movement time for the different scroll bar widths (p = .62). Although narrower scroll bars might require extra time planning of the movement, once the participant had a finger on the scroll bar, width did not influence the movement time to the designated location.
EXPERIMENT 2: DISCUSSION
The results of this study suggest that many variables affect movement time when using a touch screen input device. Fitts' law indicates that the size of the target (i.e., the button) and the distance of the movement will influence performance, and this was true for both younger and older adults, although the slope of the function was larger for older adults. We also observed that the specific location of the button influenced movement time. Both younger and older adults were fastest moving up in a straight line than to either side (even if the distance up was longer than the distance to the side). This finding represents a boundary condition that must be placed on Fitts' law (see also Friedlander, Schlueter, & Mantei, 1998; MacKenzie & Buxton, 1992) . When possible, interfaces should be designed to require straight up-down movements rather than diagonal movements.
Another task parameter that influenced performance for both age groups was the precision required of the task. In the stacked condition, in which target buttons were embedded within other buttons, the slope of the function relating movement time to task difficulty (slope = 112 ms for younger and 202 ms for older adults) was larger than the slope of that function for the unstacked condition (slope = 86 ms for younger and 146 ms for older adults), in which the buttons were free standing. Such a finding is not inconsistent with our previous discussion concerning the main effect superiority of the stacked condition compared with the unstacked condition. The increased slope for the stacked condition relative to the unstacked condition would be expected if, as final submovement accuracy verification took place, there was less contrast around the absolute target location, as would be the case in the stacked condition. The fact that older adults showed an increased effect of relative movement time (as the slope represents) as demands for movement precision increased and target contrast decreased is completely consistent with Walker et al. (1997) . Certainly this finding speaks to the generality of this and other age-related movement time data, especially when considering input device effects. This finding also has important implications for display design: As precision is required and target items are closely located to nontarget items, movements are going to be slowed, and this was especially true for older adults.
We also observed that for both younger and older adults, efficiency of scrolling was differentially dependent on whether the scrolling was in the horizontal direction or in the vertical direction. For shorter scrolling tasks, horizontal scrolling was faster; however, for longer scrolling tasks, vertical scrolling yielded better performance. This pattern provides direct guidance for display design -namely, if movements Note. These means are averaged across scroll bar widths.
are short, horizontal scroll bars will yield superior performance; if movements must be longer, then a vertical scroll bar would be better. However, it is important to note that we tested only ballistic movements that were left to right in the horizontal direction and up to down in the vertical direction. The horizontal and vertical patterns might differ for right-to-left or downto-up movements.
Another consistent finding in these data is that older adults' movement times tended to be much more variable than younger adults'. For participants 51 to 70 years of age, control of a touch screen interface varied a great deal between individuals. It was not the case that the variability was attributable to the wide range of ages in the older group. The performance of the middle-aged (51-60 years) and the older (61-70 years) adults overlapped almost completely. It was simply the case that as a whole, the older adults were more variable than were the younger adults in their ability to use a touch screen to make discrete movements.
The finding of no age difference for the scroll bar tasks is consistent with previous data. For example, Walker et al. (1997) found that younger and older adults were equally good at producing a forceful movement when precise accuracy was not required. The ballistic nature of the scroll bar tasks may have enabled the older adults to make faster movements and hence not differ from the younger group.
CONCLUSIONS
An important design conclusion, reinforced by the present research, is that it is inappropriate to suggest one input device as always a best choice. The present data suggest that one must consider task requirements and user age group when specifying input device selection. The current study also provides data to help with the design process when faced with preselected input device decisions (when the choice of the input device is constrained but the task or display control characteristics are not severely constrained). If one is faced with the requirement to use a direct input device such as a touch screen, the present data provide guidance for choosing optimal display control characteristics (e.g., short up/down buttons). Similarly, the data specify what display controls will work best with an indirect device such as the rotary encoder (seen with increasing frequency as desktop computer input devices and in automobiles). Although the age of the user must always be considered in the overall design process, the present data help isolate cases in which age will not interact with the input device, given specified task characteristics and display control selection.
Overall, the data from the present research enhance the generalizations concerning advantages and disadvantages of categories of input devices. Also, the data from the second experiment extend current knowledge of movement time characteristics, at least for touch screen types of devices. Those data point to the generality of the body of data allowing movement time estimations. However, the present data help point to design trade-offs that must be made (e.g., closely spaced controls can aid overall movement time but can slow precision movements).
Will the present data allow the designer a simplistic decision-making task concerning input device selection? Certainly the data will not provide a specific answer for each design-related question. However, the current study does what worthwhile laboratory studies should do -it helps to identify and to constrain the acceptable solution space for the designer. The data point out the unique interrelatedness that can exist among input device, display characteristics, and user populations.
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